Introduction
The National Bureau of Standards standard pH scale is defined in terms of several fixed points in much the same manner as the International Temperature Scale. The primary standards are solutions whose pH value are only slightly affected by dilution or by accidental contamination of the solution with traces of acid or alkali from the walls of the container or from the atmosphere. The substances from which the standards are prepared are, in turn, stable materials; they are obtainable in the form of certified samples from the Bureau. The five standards thus far established cover the pH range 1.68 to 9.18 at 25° C.1 It is the purpose of this paper to describe the establishment of a sixth standard, a solution of calcium hydroxide saturated at 25° C, which will extend the standard scale to pH 12. 45 at 25° C.
Need for an Alkaline pH Standard
In practice, most pH values are derived either directly or indirectly from thA Amf of th e cell Pt; H2 (g) (or glass electrode), solution X 13.5 M or satd. KCl, Hg2Clz; Hg, (1) where the vertical line marks a boundary between two liquid phases. The transfer of positive and negative ions at different rates across this liqui.d junction gives rise to a potential difference. Inasmuch as the transference numbers of the ions vary through the boundary, as do the concentration gradients, the net charge transferred i rarely zero. Fmthermore, the sign of the potential difference may be either positive or negative, and the magnitude can neither be measured exactly nor calculated. If included in the measured emf, this potential would result in erroneous pH values.
Fortunately, the concentrated solution of potassium chloride that composes the salt bridge r educes the liquid-junction potential to a small constant value for most solu tion of intermediate acidity, pH 3 to 11. When solution X contains appreciable amounts of the highly mobile hydrogen and hydroxyl ions (PH less than 3 or greater than ll ), however, the liquid-junction potentials may differ considerably from the relatively constant values maintained in the region of intermediate pH. For accurate pH meas urements in these r egions of hiO'h acidity 01' high alkalinity, therefore, it is particularly important that reference standards of low and high pH be available.
This need is readily demonstrated. A pH measurement is essentially a determination of the differen ce between pHx, the pH of the unknown solution, and pHs, that of the standard. If Ex is the emf of cell 1 and E s that of the same cell when the standard is substituted for solution X , and E jx and E js are the corresponding liq uid-junction potentials, we have
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Pl.'f..X= P.1.J..ST2.3026RTjF I 2.3026RTjF (2) where R, T, and F are the gas constant, the absolute temperature, and the faraday, respectively. There is no way to evaluate the last term of eq (2) . Hence, for th e usual pH measurement the experi· mental conditions are chosen so as to nullify the greater part of the junction potential. The two potentials, E js and E jx, are then ass umed to be nearly equal and to cancel rather completely when the difference is taken (eq (2) ). Hence the difference of pH is assumed to be proportional to th e difference of emf, Ex-Es . Evidently th e r esidual liquidj unction potential will be small when the standard solution and the unknown solution differ but little in pH, for the concentrations of the free hydrogen or hydroxyl ions (on which the liquid-junction potential largely depends) will be nearly the same in solution X as in solution S.
. Calcium Hydroxide as a pH Standard
The ideal pH standard is a stable solution easily and reproducibly prepared from pure materials. The pH of th e solution should not be markedly affected by changes of temperature. The buffer value [6] should be high and the dilution valu e [7] low' in other words, the pH of the solution should not 'be altered appreciably by contamination wi~h traces of acidic or basic impurities or by a change lD th e total concentration of the buffer substances.
The ionization of water is strongly affected by temp erature changes, and hence the pH of most highly alkaline aqueous solutions is also sensitive.to alteration of temperature. The pH falls wIth increasing temperature by as much as 0.033 unit/deg C [8] . This imposes, of course, an unfortunate linlitation on the use of an alkaline pH standard. It should be noted, however, tha t a certain degree of temperature control is necessary for pH measurements in the highly alkaline region , not only because th e pH of the standard is sensitive to temperature changes but also because the " unknowns," in general, are similarly affected.
. . Th e buffer valu e, or buffer capacIty, of solu tIOns containing appreciable concentrations of hydro~ide ion is uniformly larger than that of buffer solutIOns of comparable concentrations in th e pH range 3 to 11 but these same solutions usually undergo a larger pI-I change on dilution [8] . A high buffer capacity is particularly impor~ant in an alka~ine pH sta~da~d, for contamination wIth atmosphenc carbon dIOXIde during storage and use can never b e completely avoided.
In principle, a solution of a strong or moderately strong base will serve as an alkaline standard . In view of th e high buffer capacity of aqueous solu tions of even incompletely ionized bases at high pH, the addition of a salt of the base is unnecessary. However it is very difficult, if not impossible, to find a stro~g base, eith er inorga,nic .01' organic, t hat is a stable solid . The determmatIOn of the concentration of the solution by a titration with standard acid is not only inconvenient and time-consuming but compounds the errors of three separate analytical operations. Buffer solutions of trisodium phosphate are subj ect to the same objections for , owing to the difficulty of preparing a sample of th e phosphate salt of the correct composition , they must be made from the secondary phosphate anci standard alkali. A pH greater than 11.2 at 25° C cann.ot readily be obtained with solutions of the alkalI carbona tes. To b e most useful, an alkaline standard should have a pH of 12 or above.
Substances that form highly alkaline solutions usually become contaminated gradually with carbonate from exposure to the atmosphere when t~e container is opened. Many are also hygroscopIc, and the moisture they acquire is not easily removed by simple drying procedures. If the car~onate were insol uble in water, however , the contanunant could be easily r emoved by filtration of the ~olution , an.d later contamination would be clearly eVIdent when It occurred. If, in addition, the allqtline material were of moderate solubility, th e saturated solution would serve as a standard. Under these conditions, the presence of carbonate would cause no concern; furthermore, no weighings would be necessary.
Because of its ease of preparation, a saturated solution of slaked lime, calcium hydroxide, has often been employed as a reference solution of high alkalinity [9, 10, 11] . Tuddenham and Anderson [11] saturated calcium chloride solutions with calcium hydro)"'ide to achieve pH values from 11 to over 12, as desired. The concentration of the saturated solution of calcium hydroxide in pure water is about 0.02 M and the pH about 12.4 at 25° C.
A few measurements made in an earlier study [12] , however, suggested that the saturated solution, like that of the more soluble barium hydroxide, might not be sufficiently reproducible to serve as a primary standard. Later work has shown that the solubility of samples of calcium hydroxide free from soluble alkalies and salts is indeed reproducible within 1 percent.
The solubili ty of calcium hydroxide decreases with rising temperature, being about 4 percent higher at 20° than at 25° C, and 4 p ercent lower at 30°. Nevertheless, a separation of solid phase does not usually occur at 50° or even at 60° C when a solu tion saturated at 25° is filtered and subsequently heated to those temperatures [13, 14] . A solution of calcium hydroxide that has been saturated at or near 25° C can accordingly be employed as a pH standard over a considerable range of temperature.
The properties of a solution of calcium hydroxide saturated at 25° C are compared with those of the phthalate and borax pH standards in the following summary: It is seen that the pH change, in absolute measure, on dilution of the calcium hydroxide standard is more than 5 times tha t on dilution of th e phthalate solution of pH 4.0,2 whereas the temperature coefficient is 4 tim es that of the borax standard (pH 9.2). It appears that any highly alkaline standard will be subj ect to th ese limitations in much the sam e degree.
Method of Assignin g pH
The emf method by which standard pH values were assigned to solutions of calcium hydroxide has b een described [1, 2, 8] . It will b e summarized briefly here, but certain novel features of the present treatment will b e explained in detail. The first step consisted in the J.neasm:ement of ~he emf of cells with hydrogen and sIlv er-silver.-chlonde electrodes containing the calcium hydroxIde solutions witl{ added potassium chloride:
The symbol m represents m~lality, or m?les per kilogram of water. The molahtJ~ of a solutIOn does not change with temperature and IS therefore favore.d over volume concentration in measurements of thIs type. Several different molalities of calcium hydroxide in the range 0.015 to 0.0203 w.ere selecte~ .. For eaeh calcium hydroxide concentratIOn, three dIfferent molalities of potassium chloride, namely, 0.015 m, 0.01 m, and 0.005 m , were studied.
The second step was to computo values of the quantity pwH defined by eq (4 ), for each mixture of calcium hydroxide and potassium chloride and to determine bv oxtrapolation, the value of pwHo, the limit ~ppl.'oached by pwH in calciu~n hydrox~de solutions as the concentration of potasslUm chlonde was r educed to zero. The value of pwH is computed directly from tho measurod emf, E , and tho standard potential, E O, of the cell [15] by where f is an activity coefficient on the molal scale, R is tIle gas constant (8. The values 01' pwH obtained by eq (~) for each. of the three concentrations of potassmm chlOrIde proved to be a linear function of l~g ml , the co.mm~n logarithm of the molality of calclllm hydroXldo, ill the limited range studied (0 .015 < m l < 0.0203 ). The constants of the equation thermodynamic definition. Tho formal relationship between pwHo and pHs is pHs= -logjHmH =pwI-ro + logj~l'
where j~l is the activity coefFicien t of chl oride ,ion in the chloride-free solution of calcium hydroxIde.
The NBS standard pH scale is based on the convention that the last term of eq (7) be expressed by the Debye-Huckel equation (8) with a reasonable choice of the ion-size parameter, a i' In eq (8 ), J.i-is the ionic strengt~l, while .f1 and [) are constants for the water medmm at a partIcular temperature [16] . The most probable value of at for chloride ion in a mixtul'e of simple electrolytes is regarded to li e between 4 and 6, but values as low as 3 or as high as 8 cannot be termed unreasonable. Inasmuch as the convontion adopted docs not specify a single value of ai, the pHs is not def~ned exactly through eq (7) and (8 ) . The unc?rtmnty amounts to a few thousandths of a pH umt at an ionic strength of 0.01 and to slightly more th an ± 0.01 unit at an ionic strength of 0.1 [8] .
Because calcium hydroxide i n;ot cornplct?ly ionized,3 tho ionic strength of calcmm hyclroxlcle solutions is somewhat less th an 3m!. However, tho hydroxide ion molality, mOH, can be evalu~ted with adequate aCClU'acy from pwHo and the ~on product constant, K w, for wator at th e appropnate temperatm'e : 4 (9) The flrst dissociation step is presumed to be completo and the second incomplete; h ence, the molalities of tho ions Oa++ and CaOH+ are given by pwH= a+ b log ml (5) and (10 ) (11 ) were determined by the method of least squares .and used to compute pwH for five selected concentratIOns of calcium hydroxide (ml = 0.0l5, 0.0175, 0.019, 0.02, and 0.0203) at each of the three cl~oride co~ centrations and at the 13 temperatures mcluded ill the study. In agreement with our earlier observations, pwH for a given valu.e of ml was f~)lmd to v.ary linearly with m2, the molalIty of potassl~m chlo1'lde. The limit, pwHo, in th e absen ce of chlonde was then determined by fitting th~ values o.f pwH for the five selected calcium hydroxIde solu tlOns to the equation pwH= pwHo+ cm2 (6) by the method of least squares.
. In th e third step , the procedme necessanly departs from thermodynamic rigor, for the pH lacks exact and the ionic strength is (12 ) 
Experimental Procedures and Results
.1. Solubility of Calcium Hydroxide
There is some disagreement among lit~ratul'e values for the solubility of calcium hydroxIde!. as well as some indication that th e apparent solubIlIty is dep endent upon crystal size [18, 19] . Bassett [18] has made an extensive study of the solubility from 0° to 100° ° and lists two values over a considerable range of temperature; his "true solubili ty" is from 6 to 15 percent lower than the solubility of very small crystals. The true solubility at 25° 0 , in moles per kilogram of water (molality), was found by Bassett to be 0.02018, in reasonable agreement with 0.0205 found earlier by Moody and Leyson [20] , but significantly lower than 0.0209 obtained by interpolation between the data at 10° and 42° as determined by Haslam, Oalingaert, and Taylor [21] .
For the solubility of large crystals at 25° C, however, Johnston and Grove [13] found a value of 0 .01976 m, and quite recently Peppler and Wells [19] have concluded that the solubility of large, we11-formed crystals is 0.0184 m at 30°. Inasmuch as the solubility of calcium hydroxide appears to be only about 4 percent lower at 30° than at 25°, there remains a discrepancy of about 2.5 percent between these two determinations of the solubility of large crystals.
In the present study, the solubility of several samples of calcium hydroxide prepared in various ways was determined by shaking the material vigorously with about 15 times its volume of water in a glass-stoppered bottle. Between periods of shaking, the bottle was maintained at a controlled temperature by immersion in a water thermostat. The excess of solid was r emoved on a sintered-glass funnel of medium porosity, and the concentration of the filtrate was determined by titration with a standard solution of hydrochloric acid to the endpoint of phenol red . Weight burets were used in the titrations. The solubility determinations were reproducible to ± O. 5 percent or better.
In the initial experiments with calcium hydroxide of reagent grade, solubilities as high as O. 0229 m at 25° ° were obtained, but this figure was lowered somewhat by repeated digestion of the hydroxide under hot water. This behavior could result from the extraction of soluble alkaline impurities or from a gradual stabilization of crystal form during the digestion. Thereafter , the samples of hydroxide were prepared from "OP" low-alkali calcium carbonate and the effect was no longer observed.
The finely granular calcium carbonate was ignited in platinum dishes at 1,000° ° for about 45 min, and the resulting lime, after cooling in a desiccator, was added with stirring to water. The mixture was heated to boiling with continual stirring and was then filtered . The calcium hydroxide obtained in this way was dried at 1l0° ° and powdered.
The solubility of five samples of hydroxide prepared in this manner was found to be 0.02037 m, with a standard deviation of 0.0001l, and this figure was substantially unchanged after seven extractions of the product with water. To test the effect of aging, the calcium hydroxide was stored under water in a polyethylene bottle and samples removed from time to time for solubility tests conducted as described above. After 1 month, the solubility of four samples was found to be 0.02032 m, with a standard deviation of 0.00006 , and after 6 months had elapsed a figure of 0.02022 m was ob- The calcium hydroxide solutions for the emf measurements were prepared by dilution of nearly saturated stock solutions whose concentrations had been established by titration with standard acid. A weighed amount of potassium chloride was then added to each solu tion flask, or a portion of a 0.3-M solution of the salt introduced from a weight buret . The dilution and the addition of chloride in an atmosphere of carbon-dioxide-free nitrogen were accomplished with the aid of an arrangement very similar to that described by Bates and Acree [22] . The potassium chloride was a bromide-free fused sample prepared in the manner described in an earlier publication [23] .
The cells were rinsed, flushed, and filled in the usual manner. Solution was admitted from the solution flask, the cell emptied and flushed with pure hydrogen, and the cycle repeated before the final portion of solution was admitted. The preparation of the electrodes has been described elsewhere [8] . Each cell contained two pairs of electrodes, and the duplicate measurements were averaged.
Initial measurements were made at 25° 0, those from 0° to 30° ° on the second day, and those from 30° to 60° ° on the third day. With these highly alkaline solutions, the final measurements at 25° 0 , when they were obtained, did not agree as closely with the initial values as those for solutions of low or intermediate pH often do . Differences of 0.3 to 0.5 mv were not uncommon. The emf data were corrected in the usual way to a partial pressure of 1 atm of hydrogen.
Determination of pwH and pwH o
A value of pwH was computed from each corrected emf value by eq (4), and the constants a and b of eq (5) were obtained for each of the three molalities of potassium chloride (m2 equal to 0.015, 0.01 , or 0.005) in the cell solutions. The data are summarized in table 1 . The third column gives th e number of cells studied, and the sixth column lists rr, the standard deviation of a single pwH value from the line defined by the constants a and b. The last five columns give J \ ., r pwH at five selected values of ml, the molality of calcium hydroxide. These : figures were computed by eq (5) with the values of a and b gIven in the t able. F or each ml, the limi ting value of pwH , namely, pwH o, as Lhe molaliLy (m2) approached zero , ob tained by eq (6) , is entere n on L he fo urth lin e at each temperature. The La nda rd devintion, IT i, of this in tercep t (pwH O) is lisLccl on Lhc fifth line. --~~~--
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. pH of Calcium Hydroxide Solutions
The ionic strengths of the five solutions of calcium hydroxide at 0°, 25°, and 60° C, computed by eq (9) and (12 ) The values of pHs given in table 2 and plotted as a function of the molality of calcium hydroxide in figure 1 were calculated by eq (7) and (8) with the use of these ionic strengths. Each pHs value is the mean between that obtained with a, = 4 and al= 6; these two different estimates of pHs differed by 0.009 unit for the solution saturated at 25° (0.0203 m ) and by 0.007 for the 0.015-m solution. In the light of t he statistical probable error in pwHo and the partially arbitrary selection of at, the pHs is assigned an uncertainty of ± 0.01 unit. The effect en :r: a. T he m olality of a solution saturated at 25° C is indicated hy S.
of al on the cal culated pHs is shown in figure 2 . ° Sat urated at 25° C.
8 . Standardization in the Range pH 9to 12.5
As has been pointed out earlier in this pap er, a plot of the emf of cell 1 as a function of pH is a straight line of slop e 2. 3026RT/F when the pH is neither too low nor too high. At high alkalinities a v oltage d eparture or change in slop e is to be exp ected . Ther e will be an accompanying aberration of the practical pH scale neal' its upper end, operating to yield pH values that are too low. It is appropriate to consi der next the probable magnitude of the enor and m eans of minimizing or eliminating it by prop el' standardization of the p H assembly.
The error has its origin in an exp erimental defect of the pH m ethod, namely the changing liquidjunction potential with alteration of the concentration of highly mobile hydroxide ions. It is often not notic('able below pH 11 , but earlier work with carb ona te buffer solu tions [12] has indicated that it may b e detectable at pI-I 10 . This earlier study suggested fmther that t h e magnitude of the discr epancy at 25° C is about 0.01 unit at pH 10,0.02 unit at pH 11.1 , and about 0.05 unit at pH 12.6 . The
error thu s appears to incr ease in a fairly r egul ar manner with the pH of the test solution .
It is of some importance, therefore, to d etermine wheth er this apparent r egularity extends to solutions of calcium hy droxid e. The difference of potential between one hy drogen electrode dipping in a solution sa turated with calcium hy droxide at 25° C and another dipping in the standard 0.025 ]Y[ phosphate buffer (pH s = 6.860 at 25° C) was therefore determined. A cell consisting of two hydrogenelectrod e compart ments [12] was used. Contact b etween the solu tions was es tablish ed through a saturated solu tion of po tassium chloride. TIl e observed difference of poLential was 0. 328 v at 25°, corresponding to a pH of 12.420 for the solution of calcium hydroxide. This solution was assigned a pHs of 12.454 from measurements of cells withou t a liquid junction (compare table 2). The discrepan cy of 0.034 unit at pH 12.45 is reasonably consis tent with a linear progression of th e error from pH 9.18 (th e pH of the borax standard), whieh lif\R in the upper end of the error-free region of the practical pH scale [12] , to pH 12.88 , where an error of about 0.05 unit has b een found [24] .
As a consequence, a pH m eter standardized at pH 9.18 will y ield ii, slightly low reading b etwee n pH 9.18 and 12 .45, and a m eter standardized at pI-I 12.45 will yield a slightly high r eading in the same region of the scale. The error evidently will be (0.034/3.27) (pH x -pHs) unit. B ence, w e have from eq (2) 
Inasmuch as the liquid-junction potential is somewhat dependent upon the structme of the liquidliquid boundary, it is advi able to d etermin e the error for the particular a sembly that is b eing used . Freshly prepared borax and caleium hy droxide solutions should b e used for this purpose. If the error differs much from 0.03 or 0.04 uniL, Lh e numerical coefficients of eq (13) and (14 ) should b e actju ted accordingly. The difference as indicated b y a p~l meter may b e influen ced som ewhat by errors ll1 scale length and in the temperature comp ensator, if these have not b een calibrated.
Because th e pH meter reads pH units dil'ectly, it may be convenient to apply a correction to the indicated pH, rather than to compute the correct figure by eq (13) or (14) from a m easurem ent of the emf. The temperature compensator of th e m eter is, however , designed to permit the selection of different values of the slope pH/emf, corresponding to the value of F / (2.3026RT) at differ ent temp eratures. H ence, this d evice p ermits pH to b e read directly from the scale of the instrument, even though the fun ctional r elationship b etween the emf of the cell and the pH value varies rather wid ely, as it may do when the temperature of the cell changes.
When the Lemperature compensator indicates 25° C, the instrument converts emf differ ences into pH differences according to the relation hip ApH = 16.90AE; at 20° C , the conversion is mad e according to ApH = 17.19AE. It is evid ently possible, th en, to compensate the liquid-junction error at th e high end of the scale, p ermitting correct values at 25° C to b e read directly from the m eter, if the temperature compensator is et at 22° C , for at this temp erature F / (2 .3026R T ) is not far from 17 .08 (compare eq (14 ) The allmline error of t,h fl lass elecLrode m ade from Corning 015 glass is very much lower in solution s of calcium sal ts than in solutions of lithium or sodium sal ts [25] . However, in a satura ted solution of calcium hydrm .. 'ide, this source of error may be of concern at temperatures from 40° to 60° C . M any of the newer commercial electrod e glasses contain no calcium, and hence the voltage departures in calcium solutions are probably n egligible.
A Standard Solution of Calcium Hyd roxide
A solution of calcium hydro:A'ide saturated at room temperatme is recommended as a pH standard for the highly alkaline range. A considerable excess of pure, finely granular h ydroxide is shaken vigorously in a stoppered bottle with water at room temperature. The gross exces of solid is allowed to settle, the temperature recorded to the nearest degree Celsius, and the suspended material removed by filtration with suction on a sintered-glass funnel of medium porosity.
It has b een recommended that a slurry containing excess calcium hydroxide be used for standardization purposes [11] . However, large errors are sometimes incurred in pH m easurements of suspensions [26] , and it seems best to rule out this uncertainty by r emoval of the solid phase.
For the saturation, a polyethylene bottle is very satisfactory; in faqt , it may be found convenient to keep th e solid continuously under water in a wellstoppered polyethylene bottle ready for final saturation and filtration when a fresh solution is needed. Contamination of the solution with atmospheric carbon dioxide prior to filtration is obviously of little concern. Contamination of th e filtered standard solution renders it turbid and is a cause for replacement.
The temperature coefficient of solubility is negative, but the solution supersaturates readily and no precipitation of solid is ordinarily observed at 60° C. Unfortunately, however, the change of solubility with temperature is sufficiently large to require that the saturation temperature be noted and the pHs values (column 2, The calcium hydroxide should be prepared from well-washed calcium carbonate of low-alkali grade. The carbonate is h eated slowly to 1,000° C and ignited for at least 45 min at that temperature. After cooling, the calcium oxide is added slowly to water with stirring and the suspension h eated to boiling, cooled, and filtered on a sintered-glass funnel of m edium porosity. The solid is dried in an oven and crushed to a uniform finely granular state for use.
It is advisable to determine the concentration of a saturated solution of one portion of calcium hy droxide prepared from each particular lot of calcium carbonate, as described earlier in this paper. The molality (m ) and molarity (M ) 
